absorbance capacity (ORAC) and ferric reducing antioxidant power assays. They also found signifi cant diff erences among genotypes for total phenolics, total anthocyanins, total soluble solids (SSC, °Brix), and titratable acids (TA). Wang and Lin (2000) found signifi cant diff erences among three thornless cultivars for antioxidant capacity, measured as ORAC, total anthocyanins, and total phenolics. Perkins-Veazie et al. (1996) did not fi nd diff erences in total anthocyanins among four blackberry cultivars. Thomas et al. (2005) found diff erences among seven thornless cultivars for total antioxidant activity, but not for hydrophilic or lypophilic components of antioxidant activity. They also found no genotypic diff erences for SSC or TA. Connor et al. (2005a Connor et al. ( , 2005b found signifi cant diff erences for total dietary anthocyanins among 15 cultivars and one breeding selection grown in Oregon and New Zealand, but did not fi nd signifi cant genotypic diff erences for antioxidant capacity (ferric reducing antioxidant power assay) or total phenolics. Instead, they found large genotype × environment interaction eff ects for all three of these traits and concluded breeding for these traits would require evaluation in multiple testing environments.
Yield genotype × environment interactions are common for many crops, so that evaluating advanced selections for yield potential is done in multiple environments before release. One environmental factor that can substantially reduce potential yield in blackberry is fl ower loss due to cold temperatures. Flower buds can be lost in winter (Takeda et al., 2002; Warmund et al., 1992) , and open fl owers can be lost to frost in spring. Flowers of cultivars that open later in the spring are less likely to be damaged, resulting in more consistent yields. But early fl owering can result in early fruiting, temporarily providing the grower higher prices in years without a frost and the potential for a longer season resulting in greater yield. In locations less prone to spring frost damage, the ideal cultivar might be one that fl owers early and only rarely loses yield to frost. In locations with highly variable spring temperatures where damaging frosts are common, the most profi table cultivars may be those that start fl owering late and have short fruit-development periods, resulting in midseason fruit. A short fruit-development period may also allow faster recovery from a spring frost.
Because of diff erent growing environments, marketing strategies, and levels of consumer desire for blackberries, individual growers have diff erent concepts of the ideal blackberry cultivar. Blackberry breeders may benefi t from a better understanding of the ranges and relationships among traits that diff er in importance to growers. The objective of this research was to evaluate a relatively large number of blackberry cultivars and breeding selections from multiple breeding programs for antioxidant capacity, total phenolics, and total anthocyanins, the fl avor-related fruit quality traits of percentage of SSC and TA, and fl owering-and fruiting-season traits.
MATERIALS AND METHODS

Field Planting and Experimental Design
A collection of 113 Rubus cultivars and breeding selections, primarily Eastern blackberry, was established in 2000 at the Henry A. Wallace Beltsville Agricultural Research Center, Beltsville, MD. The collection was of diverse geographic origin to enable the determination of trait value ranges for available cultivars and elite breeding selections. Fifty-three blackberry genotypes from several breeding programs were established in a replicated planting. Of these, 21 were cultivars, two were USDA-ARS breeding selections, and 30 were selections donated by the University of Arkansas (15), the University of Maryland (9), and North Carolina State University (6). Four plants were established in each plot, and plots were randomized within each of two blocks. In addition, 60 unreplicated four-plant plots were planted, and included a dewberry (Rubus allegheniensis Porter) cultivar, 53 USDA-ARS breeding selections, four North Carolina State University breeding selections, a University of Maryland selection, and a University of Arkansas selection. The planting site was on top of an east-facing hill and was not prone to late frost. Plants were maintained as described by Black et al. (2008) . Plants were in good condition and harvested in their fi rst years of productivity.
Fruit Harvest and Preparation
The fruit harvested from diff erent plots of replicated genotypes were kept separated for chemical analyses. From June through September, 500 g of ripe fruit (fresh market ripeness, not processing ripeness) were hand-harvested at the peak of production for each genotype. Fruits were sorted to eliminate injured or shriveled fruit and selected for uniform size and color. Individually halved berries were sorted into two groups per plot for further analyses and frozen at −80°C for later processing. Partially thawed fruit from one half was later juiced by manual squeezing through cheesecloth and aliquoted into subsamples for determination of SSC and TA. Thawed fruit from the other half was used to determine ORAC, total phenolics, and total anthocyanins. Three 5-g samples of blackberries from each genotype were extracted with 20 mL of 80% acetone (Fisher Scientifi c, Pittsburgh, PA) containing 0.2% formic acid (Fisher Scientifi c) using a Polytron homogenizer (Brinkmann Instruments, Inc., Westbury, NY). The homogenized samples from the acetone extracts were then centrifuged at 14,000 × g for 20 min at 4°C. The supernatants were transferred to vials, stored at −80°C, and later used for ORAC analysis and determination of total phenolics and total anthocyanins.
ORAC Assay
Fruit were analyzed on a fresh weight (FW) basis instead of a dry weight basis because Wang and Lin (2000) compared results for FW and dry weight measures for blackberry and found rank agreement for both developmental stage and cultivar. Previous studies have used one or the other, depending on the research goal, though FW predominates by far (Howard and Hagar, 2007; Giusti and Jing, 2007) . Fresh weight analyses were chosen for this study because comparisons were done between genotypes of the same species, measuring only ripe fruit and not other plant organs, and because blackberry fruits are generally consumed fresh, frozen, or in jams, and less often as a powder, tea, or tablet.
Flowering and Fruiting Dates
For each plot, observations of fl owering and fruit development on fl oricanes were made twice weekly. Dates were recorded for the appearance of the fi rst open fl ower (2002) (2003) (2004) , the appearance of the fi rst fully colored fruit (2002) (2003) (2004) , and the last appearance of ripe fruit (2002 and 2003) . Flower season, fruit season, and fruit ripening period were calculated by appropriate subtraction and the assumption that all fl owers developed into fruit.
Statistical Analyses
To estimate genotypic means and determine diff erences among all 113 genotypes, an analysis of variance was conducted for each trait using SAS PROC MIXED (version 9.2, 2008; SAS Institute Inc., Cary, NC) . This analysis used all genotypes, both cultivars and breeding selections, including those replicated in the fi eld and measured in multiple years as well as those that were not fi eld-replicated but were replicated only by measures in multiple years. A few of the plots in each category did not produce suffi cient fruit in both years. To use all observed data, the mixed model included genotypes and years nested within genotypes (instead of years and genotype × years) as fi xed eff ects. A chi-square likelihood ratio test was conducted to determine and model appropriate within-plot among-year correlations to include as components of the mean square error and obtain an accurate F-test and subsequent comparisons among genotypic means for each trait. To maintain a 5% probability of falsely detecting a diff erence between any of the genotype means (α= 0.05), the Tukey-Kramer method (adjust = tukey option in the PROC MIXED LSMEANS statement) was used to obtain the genotype means comparisons. For each trait, the range of means was divided evenly into 10 bins and the number of cultivars and breeding selections with means in each bin was counted to create histograms to illustrate the relative range and distribution of cultivar means compared with breeding selection means.
Correlations between traits were calculated both from individual plots for each of 2 yr and from the trait averages from each plot across 2 yr. Correlation coeffi cients (r) and the P value for H 0 : |r| = 0 vs. H 0 : |r| > 0 were calculated using SAS PROC CORR (version 9.2, 2008; SAS Institute Inc.) . Linear regression models were fi t to predict a genotype's ORAC based on its total phenolics value or its total anthocyanins value, both separately by year and by using individual plots from both years. The calculations were conducted using PROC REG (version 9.2, 2008; SAS Institute Inc.) .
To determine if there were signifi cant diff erences between cultivars and breeding selections as groups, a second analysis of variance was conducted for each trait using the same data set, but analyzing them as two groups, either cultivars or breeding selections. The mixed model included genotypes and years nested within genotypes as fi xed eff ects. As before, a chi-square likelihood ratio test was conducted to determine and model appropriate within-plot among-year correlations to include as components of the mean square error and obtain an accurate F-test to identify signifi cant diff erences (α = 0.05) between the two genotypic group means for each trait.
To determine if genotype × year eff ects were signifi cant sources of variance, a third analysis of variance was conducted for each trait using a subset of the data and included only genotypes replicated within year and measured multiple years, 21 cultivars and 32 selections. This mixed model included The ORAC assay was performed according to Huang et al. (2002) using a high-throughput instrument platform consisting of a robotic eight-channel liquid handling system. A FL800 microplate fl uorescence reader (Bio-Tek Instruments, Inc., Winooski, VT) was used with fl uorescence fi lters for an excitation wavelength of 485 ± 20 nm and an emission wavelength of 530 ± 25 nm. The plate reader was controlled by KC4 3.0, revision 29, software (Bio-Tek Instruments, Inc.). Sample dilution was accomplished by a Precision 2000 automatic pipetting system managed by precision power software (version 1.0) (Bio-Tek Instruments, Inc.). The ORAC values were determined by calculating the net area under the curve (AUC) of the standards and samples (Huang et al., 2002) . The standard curve was obtained by plotting concentrations of 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox, Sigma-Aldrich Co., Milwaukee, WI) against the average net AUC of the two measurements for each concentration. Final ORAC values were calculated using the regression equation between Trolox concentration and the net AUC and were expressed as micromoles of Trolox equivalents per gram of FW (Huang et al., 2002) .
Total Anthocyanin and Total Phenolic Content
The total anthocyanin contents in blackberry extract were determined using the pH diff erential method (Cheng and Breen, 1991) . Absorbance was measured in a Shimadzu Spectrophotometer (Shimadzu UV-160, Shimadzu Scientifi c Instruments, Inc., Columbia, MD) at 510 nm and 700 nm in buff ers at pH 1.0 and 4.5, using A = [(A 510 − A 700 ) pH 1.0 (A 510 − A 700 ) pH 4. 5 ] with a molar extinction coeffi cient of pelargonidin-3-glucoside (22,400) for blackberry fruit juices. Results were expressed as milligrams of cyanidin-3-glucoside equivalent in the blackberry extract per 100 g of FW basis.
Total soluble phenolics in the fruit extract were determined with Folin-Ciocalteu reagent (Sigma/Aldrich Chemical, St. Louis, MO) by the method of Slinkard and Singleton (1997) using gallic acid (Sigma/Aldrich Chemical) as a standard. Results were expressed as milligrams gallic acid equivalent (GAE) in the blackberry extract per 100 g FW. Monroe et al. (2008) reported that Vitamin C and fructose interfered with accurate measurement of food phenolics content. A comparison of diff erent blackberry genotypes should not be aff ected as much as a comparison of fruits from divergent species. In addition, blackberry fruits have been reported to be low in fructose and vitamin C in comparison with other fruits and vegetables (Lee and Kader, 2000; Muir et al., 2007) .
Soluble Solids and Titratable Acids
The content of fruit juice SSC was determined at 20°C on a Digital Refractometer Palette 100 (ATAGO, Spectrum Technologies, Inc., Plainfi eld, IL) according to manufacturer's instructions and reported as percent. Titratable acid (TA) was determined by diluting each 5-mL aliquot of fruit juice to 100 mL with distilled deionized water, then titrating to pH 8.2 using 0.1 M NaOH. The amount of NaOH required was used to determine acidity of the fruit juice and was expressed as milligrams of citric acid equivalents per 100 mL of juice.
genotypes, years, and genotypes × years as fi xed eff ects and a chi-square likelihood ratio test was conducted to determine and model appropriate within-plot among-year correlations to include as components of the mean square error and obtain an accurate F-test for each trait.
To estimate and compare cultivar means for each trait, a fourth analysis of variance was conducted using a subset of data that included only the 21 cultivars that were fi eld-replicated and measured multiple years. This mixed model included genotypes, years, and genotypes × years as fi xed eff ects. Estimates of means are presented by year if the genotype × year interaction eff ect from the third analysis of variance was signifi cant and across years if the genotype × year interaction was not signifi cant or was marginally signifi cant. Letter groupings indicating statistical similarity among genotype means were obtained using the PDMIX800 SAS macro (Saxton, 1998) .
RESULTS AND DISCUSSION
ORAC, Total Phenolics, and Total Anthocyanins
Cultivar and breeding selection means for ORAC (a measure of antioxidant capacity), total phenolics, and total anthocyanins are in agreement with values previously reported and Total soluble phenolics, expressed as milligrams of gallic acid equivalents per 100 g of FW.
§ Total anthocyanins, expressed as milligrams of cyanidin-3-glucoside equivalents per 100 g of FW. ¶ Correlation structure among-years within-plot: ar(1) = fi rst-order auto-regressive, arh(1) = heterogeneous fi rst-order auto-regressive.
# Means within same column followed different letters are signifi cantly different at α = 0.05. † † Titratable acids (TA), expressed as milligrams of citric acid equivalents per 100 mL of juice. ‡ ‡ Date of fi rst fl ower was the average date on which the fi rst open fl ower buds were observed on any plants in the plot. § § Date of fi rst fruit was the average date on which the fi rst fully ripe fruit was observed on any plant in the plot. ¶ ¶ Days from fi rst fl ower to fi rst fruit was calculated from the difference between the fi rst fruit date and the fi rst fl ower date, representing the days required for a fl ower to develop to a fruit, assuming all fl owers resulted in fruit. ## Date of last ripe fruit was the average date on which no unripe fruit remained on any plant in the plot. † † † Length of fruit season (days) was calculated from the difference between the last fruit date and the fi rst fruit date for the plot, representing the total number of days the plot was fruiting.
cited in recent reviews (Howard and Hagar, 2007; Giusti and Jing, 2007) . Oxygen radical absorbance capacity means ranged from 27 to 88 Trolox equivalents (TE) (mmol kg -2 FW). The ORAC estimates for just the cultivars ranged from 29 to 57 TE, which fi ts within published values of 5 to 76 TE (Howard and Hagar, 2007) . Means of total phenolics ranged from 180 to 685 mg GAE per 100 g of FW, compared with the published values of 114 to 1056 GAE (Howard and Hagar, 2007) . Estimates of total anthocyanins ranged from 141 to 432 mg of cyanidin-3-glucoside equivalents per 100 g of FW, higher than the range of 31 to 256 mg of cyanidin-3-glucoside equivalents per 100 g of FW reported by Howard and Hagar, (2007) , but within the range of 72 to 1221 cyanidin-3-glucoside equivalents per 100 g of FW reported by Giusti and Jing (2007) . Signifi cant diff erences for all three traits were found when breeding selections and cultivars were analyzed as groups (Table 1) and when fi eld-replicated cultivars and breeding selections were analyzed as individual genotypes (Table 2) .
Averages across all breeding selection means for ORAC, total phenolics, and total anthocyanins significantly exceeded the averages across all cultivars (Table 1) . The ORAC average for breeding selections was 50 TE, signifi cantly higher than the cultivar average of 45 TE. The breeding selection average for total phenolics was 325 GAE, compared with the cultivar average of 280 GAE. Breeding selections also had signifi cantly higher total anthocyanin content (247 cyanidin-3-glucoside equivalents per 100 g of FW) than the cultivars (214 cyanidin-3-glucoside equivalents per 100 g of FW). In addition, for all three traits, the ranges for the breeding selections included those of the cultivars, though there were more selections with values that exceeded cultivar values than there were with values lower than the cultivars, indicating potential for the development of future cultivars with higher values for these traits (Fig. 1) .
The genotype × year interactions were highly signifi cant for ORAC (P < 0.0001), total phenolics (P = Total soluble phenolics, expressed as milligrams of gallic acid equivalents per 100 g of FW.
§ Total anthocyanins, expressed as milligrams of cyanidin-3-glucoside equivalents per 100 g of FW. ¶ Correlation structure among-years within-plot: vc = variance component, ar(1) = fi rst-order auto-regressive, arh(1) = heterogeneous fi rst-order auto-regressive, csh = heterogeneous compound symmetric. # Titratable acids (TA), expressed as milligrams of citric acid equivalents per 100 mL of juice. † † Date of fi rst fl ower was the average date on which the fi rst open fl ower buds were observed on any plants in the plot. ‡ ‡ Date of fi rst ripe fruit was the average date on which the fi rst fully ripe fruit was observed on any plant in the plot. § § Days from fi rst fl ower to fi rst ripe fruit was calculated from the difference between the fi rst fruit date and the fi rst fl ower date, representing the days required for a fl ower to develop to a fruit, assuming all fl owers resulted in fruit. ¶ ¶ Date of last ripe fruit was the average date on which no unripe fruit remained on any plant in the plot.
##
Length of fruit season (days) was calculated from the difference between the last fruit date and the fi rst fruit date for the plot, representing the total number of days the plot was fruiting.
0.0024), and total anthocyanins (P = 0.0046) when means for all cultivars and selections replicated both in the fi eld and across years were subjected to an analysis of variance ( Table 2 ). The signifi cance of these interaction eff ects indicates the need to assess selections or cultivars for these traits in multiple environments. Means estimated from the analysis of variance of only the cultivars are presented by year and are arranged according to mean across year for each trait from highest to lowest (Table 3) . No cultivar's estimated ORAC mean was signifi cantly superior to the overall ORAC mean, though several breeding selections did have signifi cantly higher ORAC means than the cultivar with the highest ORAC mean, again indicating potential for improvement.
Oxygen radical absorbance capacity, total phenolics, and total anthocyanins were all positively and signifi cantly correlated (P < 0.0001) with each other within and across years (Table 4) . This strong association suggests that the simpler, cheaper assays for total phenolics or total anthocyanins may be useful for a more effi cient indirect selection of antioxidant capacity. Testing of fruit for ORAC, even if only for highly promising selections, as opposed to new selections or seedlings, is time-consuming and expensive. The assays for total phenolics or total anthocyanins are simpler and cheaper and do not require the expensive equipment that the ORAC test requires. Therefore, the use of these assays for indirect selection for high antioxidant capacity should increase both cost and time effi ciency for breeders. , and total anthocyanins (milligrams of cyanidin-3-glucoside equivalents per 100 g of FW). Four-plant plots of each genotype were grown at Beltsville, MD, and evaluated 2002 and 2003. Twentyone cultivars and 32 selections were replicated in the fi eld as well as across years; one cultivar and 59 selections were replicated across years but not within the fi eld. For each trait, the total range was divided evenly into 10 bins to show distribution in terms a percentage of the observed range.
SSC, TA, and SSC/TA
Perhaps even more important than selection for antioxidant capacity is selection for fl avor, as fruit is not generally consumed unless the fl avor is appealing. The two most important fl avor components for many fruits are sweetness and tartness, measured in this study by percentages of SSC and TA and their ratio (SSC/TA). Wang et al. (1997) reported that the most pleasing fl avor experience for strawberry was reported with a SSC/TA ratio of around 10, and that this could be achieved with high levels of each component or moderate SSC levels and low TA. Among the cultivars, only 'Perron's Black' had a mean SSC/TA ratio greater than 10, though its mean was not § Total anthocyanins, expressed as milligrams of cyanidin-3-glucoside equivalents per 100 g of FW. ¶ Estimated means and mean separations presented were calculated using the adjust = tukey option in the SAS PROC MIXED LSMEANS statement and the PDMIX800 SAS macro (version 9.2, 2008; SAS Institute Inc., Cary, NC). # Means from the same year and within the same column followed different letters are signifi cantly different at α = 0.05. † † A1905T plots were generated from breeding material donated before its release as 'Ouachita'. signifi cantly diff erent from nearly all of the other cultivars (Table 5) . Assuming the fi ndings of Wang et al. (1997) can be extrapolated to some degree from strawberry to blackberry, a reasonable breeding goal for blackberry fruit quality would be to increase the SSC/TA ratio over 10 to improve fl avor. This would require increasing SSC values, decreasing TA values, or both. The cultivars, as a group, did not have higher SSC or SSC/TA means than the breeding selections, but did have signifi cantly higher TA values (were more tart) than the selections (P = 0.0046) (Table 1) , indicating it may be easier in the short term to focus on improving the SSC/TA ratio by reducing TA, using breeding selections as parental material. There was about a twofold diff erence in TA among breeding selections and cultivars combined; they ranged from 0.81 to 1.91 mg citric acid equivalents per 100 mL of juice. The genotype × year interaction was marginally signifi cant for TA (P = 0.0486) ( Table 2 ), indicating that de-selection of unacceptably tart breeding material could be made in a single location and year with some degree of confi dence, but selecting genotypes with consistently low TA levels should be done by testing in multiple environments.
In the long term, it will be valuable to increase SSC values, but it may require several breeding cycles to develop blackberry cultivars with higher SSC, since the breeding selections, as a group, did not have higher SSC and SSC/ TA means than the cultivars (Table 1, Fig. 2 ). Across breeding selections and cultivars combined, SSC values ranged from 7.23 to 15.67, over a twofold diff erence, similar to the range of TA values. Soluble solids were independent of TA (Table 4) , so it is not surprising that the ratio of these two measures, SSC/TA, had a greater range of about a threefold diff erence, from 4.79 to 15.96. In spite of the discouraging similarity between breeding selections and cultivars in SSC and SSC/TA values, breeding eff orts could be aided by the lack of signifi cant genotype × year interaction eff ects for percentage SSC (P = 0.1897) or SSC/TA (P = 0.0549) Correlation coeffi cients for plot data of fruit quality traits, fl owering and fruiting dates, fruiting season duration (days),  and fruit development period of 113 blackberry cultivars and breeding selections grown four-plant plots § Total anthocyanins, expressed as milligrams of cyanidin-3-glucoside equivalents per 100 g of FW. ¶ Correlation coeffi cients (r) and the P-value for H 0 : |r| = 0 vs. H 0 : |r| > 0 were calculated using SAS PROC CORR (version 9.2, 2008; SAS Institute Inc., Cary, NC). Correlations consistent among and across years are underlined. # Titratable acids (TA), expressed as milligrams citric acid equivalents per 100 mL of juice. † † Date of fi rst fl ower was the average date on which the fi rst open fl ower buds were observed on any plants in the plot. ‡ ‡ Days from fi rst fl ower to fi rst ripe fruit were calculated from the difference between the fi rst fruit date and the fi rst fl ower date, representing the days required for a fl ower to develop to a fruit, assuming all fl owers resulted in fruit. § § Date of fi rst ripe fruit was the average date on which the fi rst fully ripe fruit was observed on any plant in the plot. ¶ ¶ Length of fruit season (days) was calculated from the difference between the last fruit date and the fi rst fruit date for the plot, representing the total number of days the plot was fruiting. ## Date of last ripe fruit was the average date on which no unripe fruit remained on any plant in the plot. (Table 2) , allowing for confi dent selection in a single environment of genotypes superior for these traits.
While selecting to improve SSC/TA, it is important to ensure that the high ORAC value of blackberries is not decreased. Fortunately, SSC, and not TA, is correlated positively and signifi cantly with ORAC, total phenolics, and total anthocyanins both within and across years (Table 4 ). Figure 3 illustrates the percentage of SSC and antioxidant capacity for the cultivars evaluated. Although some cultivars appear to be above average for both traits both years, it is important to remember that the ORAC and SSC means for many of these cultivars are not significantly diff erent from one another (Tables 3, 6 ).
Flowering and Fruiting Dates
Signifi cant diff erences among genotypes and years were observed for date of fi rst open fl ower, date of fi rst ripe fruit, last date of ripe fruit, fruit development period (days from fi rst fl ower to fi rst fruit), and fruiting season (Table  2) . Signifi cant genotype × year interactions were observed for all these traits except date of last ripe fruit (P = 0.1935) and fruiting season duration (P = 0.1571). Signifi cant genotype × year interaction for date of fi rst open fl ower was responsible for the development of a heat-unit model for predicting blackberry bloom dates (Black et al., 2008) .
The average estimated date of fi rst open fl ower was the same for cultivars and selections (Table 1, Fig. 4 ), 10 May, though the range was 54 d. The earliest started fl owering 22 April. Ten other genotypes, including the cultivar Chickasaw, started fl owering in April. The remaining genotypes started fl owering in May, except for the two latest-fl owering genotypes, 'Merton Thornless' (4 June) and a selection (14 June). Genotype × year interaction eff ects for date of fi rst open fl ower of fi eld-replicated cultivars and selections combined were highly signifi cant (Table 2) The estimated average date of fi rst ripe fruit for cultivars and selections combined was 24 June, though the range was 49 d, from 5 June to 23 July. Cultivars produced ripe fruit signifi cantly later than the selections (Table 1, Fig. 4 ), though the degree to which this was true varied by year and was observed to be as much as 6 d. The environment signifi cantly aff ected both the date of the start of the fruiting season each year and diff erences between genotypes (cultivars vs. selections combined) for this trait (Table 1) , and fi eld-replicated cultivar and selection means varied widely by year ( Table 2) .
The date of fi rst open fl ower was positively correlated (P < 0.0001) with the date of fi rst ripe fruit both within and across years (Table 7) . The degree of association between date of fi rst open fl ower and date of fi rst ripe fruit also varied by cultivar (Fig. 5) . The date of fi rst open fl ower was negatively correlated (P < 0.0001), within and across years, with the number of days from fi rst open fl ower to fi rst ripe fruit, or the fruit development period, within and across years (Table 7) . This also is refl ected in the range of dates among genotypes for fi rst open fl ower (54 d) and the range of dates for fi rst ripe fruit (49 d); the range is slightly reduced for date of fi rst ripe fruit. Although later fl owering genotypes tended to have later fruit, the fruit development was slightly accelerated, as evidenced by the reduced number of days from fi rst fl ower to fi rst fruit, perhaps simply due to increased temperatures later in spring (Jennings, 1979) .
The number of days estimated for the fruit development period (fi rst open fl ower to fi rst ripe fruit), averaged across both cultivars and selections replicated in the fi eld or planted only once in the fi eld and replicated only across years, was Titratable acids (TA), expressed as milligrams of citric acid equivalents per 100 mL of juice. ‡ Estimated means and mean separations presented were calculated using the adjust = tukey option in the SAS PROC MIXED LSMEANS statement and the PDMIX800 SAS macro (version 9.2, 2008; SAS Institute Inc., Cary, NC). § Means within same column followed by different letters are signifi cantly different at α = 0.05. ¶ A1905T plots were generated from breeding material donated before its release as 'Ouachita'. 47 d. The range was from 32 d (around a month) for two selections to 69 d (around 2 mo) for a third selection. Overall, cultivars had longer fl ower-to-fruit periods than selections (Table 1, Fig. 4 ), though this was not apparent in every year; there were signifi cant genotype-within-year diff erences.
Later fl owering cultivars with shorter fruit development periods are valuable to growers concerned about crop yield reduction due to frost. 'Arapaho', for example, had an estimated average fi rst fl ower date of 19 May and an estimated average fi rst date of ripe fruit of 18 June, less than a month later (Table 6 ). Although the estimated average fl ower to fruit period for Arapaho was 42 d, this fruit development period is still among the shortest. Similarly, 'Triple Crown' had a relatively late fi rst fl owering date of 22 May and a fi rst ripe fruit date of 28 June, a little over a month, and the estimated mean fl ower-to-fruit period was 38 d. The relationship between fi rst date of open fl ower and fruit development period are shown for each year and the average across years in Fig. 5 .
The date of fi rst fruit was positively correlated with the date of last fruit (P < 0.0001) both within and across years (Table 7 ). In addition, the date of last ripe fruit was positively correlated with fruiting season length (P < 0.0001) both within and across years. However, the date of fi rst ripe fruit was negatively correlated with fruiting season length both within and across years; later fruiting genotypes had shorter fruiting seasons. Therefore, to maximize the fruiting season, earlier fruiting genotypes would be desirable, even though some years could result in fruit loss due to frost for some cultivars because fi rst fruit and fi rst fl ower also were positively correlated, as discussed previously. The fruiting season lasted an average of 43 d, but there was considerable variability among genotypes (Tables 2 and 8 ). The genotype with the shortest fruiting season, 21 d, was a selection fruiting late on 20 July and fi nishing 11 August. The genotype with the longest fruiting season, 82 d, was 'Navaho', starting somewhat early on 24 June and fi nishing 19 September, the latest date of any genotype.
Although ORAC, total phenolics, and total anthocyanins are all highly correlated, ORAC and total anthocyanins, but not total phenolics, were correlated positively with the date of fi rst fl ower, and negatively with days from fi rst open fl ower to fi rst ripe fruit (Table  4) . This means that genotypes that fl ower late and have fruit that develop quickly are higher in total anthocyanins and ORAC. However, there was no correlation between date of fi rst ripe fruit and ORAC, total phenolics, or total anthocyanins, so it would not be correct to say that lateseason fruit is higher for these measures. It would also not be correct to say that a short season is associated with these traits because the length of fruit season was not correlated with them consistently. The only signifi cant correlation was between fruit season length and total anthocyanins Therefore, ORAC and total anthocyanins are infl uenced by a later fl owering date and a faster fruit development period, but total phenolics are not. The high correlations between ORAC, total anthocyanins, and total phenolics suggested the use of the cheaper, easier assays in place of the ORAC assay. The additional correlation between these three traits and fl ower date and fruit development period, indicate total anthocyanins may be preferable as an indicator for ORAC if the breeder is also selecting for late fl owering date to avoid frost and fast fruit development. The date of fi rst open fl ower is correlated with many of the other traits. Later-fl owering genotypes tend to start fruiting later and stop fruiting later, while having shorter fruit development periods and shorter fruiting seasons (Table 8 ). In addition, fruit of these later-fl owering genotypes tend to have higher ORAC values, total anthocyanins, and SSC percentages (Tables 4, 7) . Likewise, short fruit development periods, also correlated with late fl owering dates as discussed previously, have fruit that tends to have high ORAC means, total phenolics, total anthocyanins, and SSC percentages (Tables 4, 7) . This is the fi rst documentation that we know of that the date of fi rst open fl ower is correlated with, not just other season-related traits, but fruit quality traits. The reasons behind these correlations, whether a common cause or cause and eff ect, are not clear, but previous studies may suggest some research avenues to pursue further. Environment in general was shown, in this and other studies (Connor et al., 2005a (Connor et al., , 2005b to aff ect blackberry fruit quality traits. Erkan et al. (2008) induced changes in ORAC levels of strawberry fruit with post-harvest exposure to UV light. Black et al. (2008) , documented the importance of heat unit accumulation in predicting bloom date, and Jennings (1979) documented heat unit accumulation aff ects on blackberry fruit development. Fruit development stage or maturity has also been shown to aff ect blackberry fruit quality traits at a chemical level (Perkins-Veazie et al., 1996; Siriwoharn et al., 2004; Wang and Lin, 2000) and at an enzymatic level (Famiani and Walker, 2009 ). Therefore, it may be that the associations between date of fi rst open fl ower and these other seasonal and fruit quality traits are due simply to environmental factors present later in the year compared with earlier in the year, such as light quantity or quality, or perhaps the increased temperatures later in the season combined with the eff ects of increased temperatures on maturation rate.
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